The first leaves (40 millimeters long) of 4-day-old light-grown Avena saliva L. cv Victory I seedlings contained a complete age sequence of cells from the base to the tip, and within these tissues all stages of chloroplast development could be observed. Although chloroplasts underwent progressive development, a marked increase in number of thylakoids per granum, in chloroplast volume, and in chlorophyll content occurred in the region between 20 and 30 millimeters from the base. Photosynthetic CO2 fixation (per unit chlorophyll) increased markedly during chloroplast development and closely followed structural changes in chloroplasts. It was also found that the partitioning of photosynthates differed greatly in the segment from 30 to 40 millimeters (at the tip of the leaf) compared with the segment nearer to the leaf base, although both total "4CO2 fixation and chlorophyll content per segment did not change significantly along the length of the leaves. As the thylakoid system reached full maturation, partitioning of photosynthates into sucrose increased but partitioning decreased into starch, lipids, and phosphorylated intermediates.
Recently, it has been evident that partitioning of photosynthates in higher plant leaves is regulated by the concerted carbon pathways between the Calvin-Benson cycle in the chloroplast and sucrose biosynthesis in the cytoplasm, and that the cytoplasmic fructose bisphosphatase and/or sucrose phosphate synthase play key roles in the partitioning process (10) . Although most of the studies on regulation of photosynthate partitioning have been conducted with mature leaves of higher plants, it would be expected that partitioning is closely related to cellular and chloroplast development. It might be expected that the role of chloroplasts in the energy metabolism of developing leaf tissues differs from that of mature ones. In young tissues, the photosynthates could be used directly as building blocks for the photosynthetic apparatus while in mature tissues most of the fixed carbon might be converted into sucrose, which is then translocated to the other sink tissues and organs.
Although plastid development of etiolated plants during green- ing has been extensively studied (3) , there have been only a few studies on plastid development from proplastid or immature stage to mature stage in light-grown plants (2, 4, 5, 7, 11, 12) . Since chloroplasts in seedlings of Avena sativa develop progressively along the leaf from the base to the tip where there is an age sequence of cells (5) , the leaves contain all developmental stages of chloroplasts. Accordingly, they are thought to be suitable materials for study of the role of chloroplasts in carbon metabolism in leaves and clarification of the regulatory mechanism of photosynthate partitioning. This paper provides data on the changes in photosynthate partitioning in connection with the process of structural attainment and multiplication of chloroplasts in the developing first leaves of A. sativa.
MATERIALS AND METHODS
Seeds of Avena sativa L. cv Victory I were germinated at 25°C on moist filter papers for 24 h in the dark. They were then transferred to moist vermiculite and grown in a growth cabinet at 25°C in continuous light from fluorescent lamps at an intensity of 5000 lux. Under these conditions, 4-d-old light-grown seedlings were harvested, and the first leaves were detached at the base and the coleoptiles gently removed.
For determination of chloroplast diameter, 1-mm leaf sections were fixed with 1% (w/v) glutaraldehyde in 0.1 M sodium cacodylate (pH 7.2) at 0°C for 2 h. Chloroplasts were released from cells of the leaf tissues by using a razor blade in a medium containing 0.4 M sucrose and 10 mm Tris-HCl (pH 7.6) at 0°C. Diameter of chloroplasts was determined on photomicrographs of released chloroplasts taken under a phase contrast microscope.
For electron microscopic observation of chloroplasts, leaf sections were fixed with 2.5% (w/v) glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.2) at 0°C for 2 h and were rinsed with the same buffer several times, then they were postfixed with 1% (W/V) OS04 in the same buffer at 0°C for 1 h. Fixed samples were dehydrated through a graded ethanol series and propylene oxide was substituted for ethanol, then the samples were embedded in Spurr's resin (9) . The thin sections were stained with uranyl acetate and lead citrate and were observed by a Hitachi HS-9 electron microscope.
Measurement of photosynthetic CO2 fixation was carried out in a flat-sided glass vessel to which three whole plants of Avena seedlings were transferred together with vermiculite. The vessel was placed in a plastic water-bath that contained circulating water with a constant temperature of 25°C and was illuminated by a metal halide lamp with a light intensity of 25,000 lux at the surface of the vessel. After the plants had been preincubated with a constant stream (400 ml/min) of air containing 400 ppm nonradioactive C02, which was conducted with a vinyl tube connected to the vessel, the reaction was started by exposing them to air containing 400 ppm 14CO2 at the same flow rate. After photosynthetic 14CO2 fixation for 10 min, the plants were immediately submerged into liquid nitrogen. The leaves were removed with scissors and were cut into eight sections of 5 mm length, and each section was quickly immersed into 4 ml 80% (v/v) methanol precooled in a test tube on dry ice. The sections from the same position of the three plants were combined in a single test tube. The samples were left for 3 h on dry ice and then stored overnight at -10°C. The samples were then homogenized with pestle and mortar on ice. An aliquot of each sample was taken for meas-PHOTOSYNTHATE PARTITIONING IN DEVELOPING AVENA LEAVES urement of the total '4CO2 fixation. The rest of the sample was centrifuged and divided into soluble and insoluble fractions, as described previously (8) . Triplicates of each total soluble and insoluble fractions were dried on planchets, and the radioactivities were measured with a low background gas-flow counter (Tracerlab Instruments, Horst Kelm, model SC520). The amount of carbon fixed (on a molar basis) was calculated from the counting efficiency of the counter for 14C (12.5%). The rest of the soluble fraction was concentrated in vacuo and was subjected to two-dimensional paper chromatography on Whatman No. 1 filter paper, first in phenol:acetic acid: 1 M EDTA:water (740:10:1:260, v/v) and then in n-butanol:propionic acid:water (140:71:100, v/ v), as described previously (8) . After chromatography, the autoradiogram was developed. Each spot corresponding to the respective compound was excised from the paper, and its radioactivity was measured with a liquid scintillation counter (Beckman, model 3255) using 2,5-diphenyloxazole-1,4-bis(2-(5-phenyloxazolyl)benzene (PPO-POPOP) toluene scintillator.
Parallel samples of leaf sections were homogenized in 80% (v/ v) acetone for chlorophyll determination (1).
RESULTS

Growth of the First Leaves of Avena Seedlings in Continuous
Light. The length of the first leaves increased linearly from the third to the sixth d, thereafter the rate of increase gradually declined ( Fig. 1) . At the fourth d the length was 40 to 50 mm and the rate of elongation was calculated to be about 1 mmh-l. In each experiment of this study, the first leaves, about 40 mm long, of 4-d-old light-grown seedlings were used. Chloroplast Development. The average diameter of a chloroplast 5 mm from the leaf base was 3 ,tm and increased gradually along the leaf, reaching 7 ,tm at the leaf tip (Fig. 2b) and increased to 1.2 ,tm 10 mm from the base (Fig. 2a) . It is days after sowing noted that chloroplast thickness scarcely increased between 10 and 20 mm from the leaf base, then increased again stepwise (Fig. 2c) . It should be stressed that the rate of chloroplast division declined in the region above 20 mm from the leaf base (5).
To estimate development of the inner membrane system of chloroplasts, two parameters were adopted. One is the number of 'bands' of intergrana thylakoids in a chloroplast; in this paper, the term 'band' means a set of thylakoids interconnected by stacking. Another is the number of thylakoids in a granum. At 2 mm from the leaf base, the number of bands in a chloroplast was about five, and in the regions above 5 mm, it was commonly around six (Fig. 3a) . However, there was a more marked change in the number of thylakoids in a granum, particularly between 20 and 30 mm from the leaf base (Fig. 3b) . At 20 mm, the range of the number of thylakoids in a granum was between 4 and 9, and at 30 mm, it increased to values between 6 and 16. This stepwise increase was paralleled by the increase in chloroplast volume (Fig. 2c) .
The developmental changes in chloroplasts with cellular age from the base to the tip of the first leaves were visualized by electron microscopic observations (Fig. 4) . It should be noted that starch grains were observed conspicuously in most chloroplasts between S and 20 mm above the leaf base (Fig. 4, b-d) . However, in undeveloped chloroplasts near the base (Fig. 4a) and in the fully developed chloroplasts above 30 mm from the base (Fig 4, e and f) , starch grains were scarcely observed.
Changes in Photosynthetic Capacity and Photosynthate Partitioning. Since preliminary experiments showed that '4CO2 products translocated to the neighboring leaf sections were negligible during 10 min photosynthesis, the distribution of 14C products detected in each leaf section would reflect the partitioning of fixed carbon during steady state photosynthesis. The capacity for photosynthetic 14CO2 fixation was low in the region less than 20 mm from the base, despite the observation that the chloroplasts contained a significant amount of Chl (Fig. 5) . A marked increase in photosynthetic rate was found in the region between 20 to 30 mm. It should be noted that 14CO2 fixation per unit Chl also increased dramatically in this region. This increase correlated closely with the observed degree of morphological maturation of chloroplasts as described above. The photosynthetic capacity as well as Chl content was nearly constant from 30 mm to the tip of the leaf. However, the distribution of 14CO2 fixation products during photosynthesis over a 10 min period altered according to the position in the leaf, especially in the distal half to the tip of the leaf (Fig. 6 ). During the rapid development of chloroplasts in the region 20 to 30 mm from the base, as seen in the electron micrographs (Fig. 4, d and e) , the percentage of incorporation of 14C into sucrose was comparably low (about 25-30%) while that into starch, lipids, and phosphate esters remained high at 19 to 23%, 6% and 20%, respectively. In the fully developed regions near the tip (35-40 mm), "4C-incorporation into sucrose greatly increased to approximately 54% while that into starch, lipids, and phosphate esters was 11, 1, and 12%, respectively. One the other hand, incorporation into total organic acids and amino acids did not change significantly in the distal half of the leaf 20 to 40 mm from the base.
DISCUSSION
The process of structural and biochemical development in the first leaves of 4-d-old light-grown Avena sativa can be separated into five phases, using the present and previous data, as summarized in Table I .
Phase I (in the region 0-5 mm from the base). Cell divisions occurred below the region 5 mm from the base, as measured by the mitotic index in the previous study (6) . It is noted that the increase in number of bands of intergrana thylakoids, in a chloroplast can also be observed only in this region (Fig. 3) .
Phase II (0-10 mm). Linear cell elongation was observed up to 10 mm from the base, but the cell length scarcely increased thereafter (H Hashimoto, JV Possingham, unpublished data).
Phase III (0-20 mm). In contrast to cell division, the number of chloroplasts per cell (6) and the cellular level of chloroplast DNA (H Hashimoto, JV Possingham, unpublished data) increased markedly up to 20 mm from the base.
Phase IV (20-30 mm). In this range where chloroplast division almost ceased and chloroplast number per cell only slightly increased (5), chloroplast structure underwent development judging from the marked increases in number of thylakoids per granum, volume of chloroplast, and Chl content (Figs. 2, 3, and 5 ). The increases in the range up to 20 mm from the leaf base were lower than in the 20 to 30 mm region. The rate of photosynthetic CO2 fixation rose sharply with the distance from the base (Fig. 5) fixed 14C into sucrose, starch, lipids, and phosphate esters was comparatively constant (leaf sections 4-6 in Fig. 6 ), although total 14CO2-fixation increased greatly as described above.
Phase V (30-40 mm). In this range, chloroplasts reached full development (Figs. 2, 3, 4e, and 4f) . The total amount of photosynthetically fixed carbon was almost constant (Fig. 5 ). These observations are in marked contrast with the differences in photosynthate partitioning, as summarized in Fig. 6 
